An attitude control system (ACS) is one of the critical subsystems of any spacecraft and typically is in charge of de-tumbling, controlling, and orienting the satellite after initial deployment and during the satellite operations. The magnetorquer is a core magnetic attitude control actuator and, therefore, a good choice for nanosatellite attitude stabilization. There are various methods to achieve control torque using the magnetorquer. An innovative design of a printed magnetorquer has been proposed for the nanosatellites, which is modular, Manuscript 0018-9251 C 2019 IEEE scalable, cost effective, less prone to failure, with reduce harness and power consumption since the traces are printed either on the top layer or inner layers of the printed circuit board. The analysis in terms of generated torque with a range of input applied voltages, trace widths, outer and inner-most trace lengths is presented to achieve the optimized design. The optimum operating voltage is selected to generate the desired torque while optimizing the torque to the power ratio. The results of the analysis in terms of the selection of optimized parameters, including torque to power ratio, generated magnetic dipole moment, and power consumption, have been validated practically on a CubeSat panel. The printed magnetorquer configuration is modular which is useful to achieve mission level stabilization requirements. For spin-stabilized satellites, the rotation time analysis has been performed using the printed magnetorquer.
I. INTRODUCTION
Nanosatellites have gained great attention of the space community since the last decade and have a key role in current and future space industry with potentially great impact [1] . The nanosatellites, being affordable, can be used in core application fields including remote sensing, earth observation, radiometry, interferometry to name a few [2] - [4] . The small size, mass, cost, and low power features make them an obvious choice for universities and small and medium enterprises. The attitude control system (ACS) controls and stabilizes the orientation of the spacecraft after deployment from the launch vehicle and during its mission life. After separation from the launch vehicle, the spacecraft is mostly tumbling. It has to deal with large rotations and high angular rates in the early orbit life.
In order to control its orientation and to stabilize in the required direction (i.e., targeting the earth observational payload (camera) towards the earth and solar panels towards the sun and antennas towards the ground station), a number of sensors and actuators are required [5] . The attitude determination system determines the orientation of the satellite, whereas the ACS performs the detumble and control maneuvers [6] .
A block diagram representing attitude determination sensors and attitude control techniques is represented in Fig. 1 . For remote sensing and earth observation applications, the attitude control maintains pointing with required pointing accuracy, whereas for spin-stabilized spacecraft, it maintains the required spin rate along the desired rotational axis. The passive control systems including permanent magnets and gravity gradients are easy to develop with lower development costs and consume no power but they do not fulfill the controlled stabilization requirements of most of the missions [7] .
In a permanent magnet passive ACS, a set of permanent magnets on board the satellite align the satellite with the magnetic field lines of the earth. The attitude of passive satellite is a function of the orbit and the magnetic field lines along the orbit. Therefore, the orbit inclination has huge impact on the pointing of the satellite. The spacecraft such as KeySat-1, QuakeSat, Delfi-C3, and GeneSat are few examples of passively stabilized with permanent magnets. The main advantages are simplicity, no power consumption, and reliability of the system. The major drawback of the passive control is that one cannot use it for orientation control. Since modern-day missions require a very fine pointing accuracy, therefore the passive control is not a suitable control system anymore.
Gravity gradient is another passive attitude stabilization technique which keeps one axis of the satellite aligned to earth's local vertical direction. It uses the change in gravity with altitude to create torque so one face of the satellite always faces in the downward direction. Typically, long booms are usually extended to create the torque. Zhio et al. [8] discuss the magnetic attitude control for earth pointing satellites in the presence of gravity gradient. The main advantages of this scheme are simplicity, no power consumption, and long lifetime. The drawbacks are poor pointing accuracy, tendency to flipping upside down, and potential of thermally bending of boom causing oscillations.
The active control systems (magnetic rods, gyroscopes, reaction wheels, momentum wheels, and spin control systems) are widely used in three axes stabilized spacecraft for better pointing accuracy [9] . The main constraint in the active attitude control is the added hardware in a small available volume and generally requires one-third of the total volume for a 3U CubeSat. This work analyzes the design solutions for a lightweight low power consumption magnetic ACS using printed magnetorquer coils to optimize the design in terms of power, available area, and generated torque. The principle of operation is based on the generation of a magnetic field through a current-carrying coil. The interaction of the generated magnetic dipole moment with that of the earth magnetic field results in control torques, which are necessary for the attitude control of the satellite [5] , [10] , Currently, there are very limited designs and developments in the printed magnetorquers for CubeSat applications. In [11] and [12] , a tradeoff analysis of printing different shapes of embedded magnetorquers wass presented and provided the more feasible shapes keeping into consideration the CubeSat form factor. Bellini presents the design techniques for optimized air core and printed magnetorquers [13] . A commercially available CubeSat product also integrates the magnetorquer inside the PCB layers [14] . The designs presented in the literature not fully optimized in terms of selection parameters. This article describes the development of reconfigurable printed magnetorquer with its performance comparison with the state of the art. The numerous advantages of the presented design approach over the traditional designs are presented in this paper. The optimized design provides flexibility in the selection of design parameters and can be utilized in any satellite configuration.
The implementation of the printed magnetorquer has been performed for AraMiS and Foresail satellites. The AraMiS architecture is based on panel-based nanosatellites which simplifies the satellite design process and helps achieve modular, scalable, and plug and play designs [15] - [17] . This architecture uses the symmetric panels arranged in payload specific configurations. A number of small, flexible, and powerful modules are embedded on each panel. These modules are pretested; therefore, the integration can be done much faster. These panels are quickly assembled in standard CubeSat structure as well as custom configurations [18] , [32] , [33] . The PCB of one such panel contains four layers of printed magnetorquers in addition to all necessary electronics as shown in Fig. 2 . The Foresail satellites require spin stabilization along the axis to monitor the environmental interactions using particle telescope (PaTe) and to de-orbit the spacecraft using electric plasma brake [19] , [20] . The spacecraft is currently under development and utilizes the printed magnetorquers in addition to the air core magnetorquers for attitude control.
The presented design can be printed on top or embedded in as many internal PCB layers as desired based on the required dipole moment. For the generation of magnetic moment, selected parameters are the inner and outer dimension of the printed coils (W O , W I ), trace widths and their separation based on PCB design rules. The design permits enough space for the placement of other discrete components on the printed layer and the placement strategy also overcomes the residual magnetic fields.
The simplified block diagram of the attitude determination and control system using printed magnetorquer is depicted in Fig. 3 . For the current attitude estimation, raw sensor measurements are compared against the known models. The raw values of magnetometer and sun sensors are compared against the known reference models for estimation of the current attitude of the spacecraft. For magnetic field modeling, the International Geomagnetic Reference Field [9] is typically used; and for sun direction modeling, the method described in Montenbruck and Pfleger (1994) is used. Having the estimate of the current attitude, the controller issues torque commands for desired orientation [9] , [21] , [22] . The closed-loop feedback ensures the maintenance of desired attitude control by repeating the torque command until the desired orientation is achieved [23] - [26] .
II. PRINTED MAGNETORQUER
The designed printed embedded magnetorquer is fully compliant with the CubeSat dimensions and requires no extra space since the traces are either printed or embedded in the internal layers of the board, as shown in Fig. 2 . The design selection can be chosen among multiple reconfigurable options which are presented. The detailed analysis of printed coils in terms of selection of outer dimensions, inner dimensions, and trace widths has been performed against key design parameters including the generated magnetic moments, the consequent torques, torque to the power ratios, and expected temperature rise due to the flow of current through the panel.
The main objective of this magnetorquer design is not only being lightweight but also being able to generate required magnetic moment with the available power. The traces are printed in a square shape for a 1U CubeSat panels. The dimension of a single coil is shown in Figs. 4 and 5 with key design parameters highlighted. The design can be printed in any configuration as highlighted in [17] and [27] .
III. PRINTED

MAGNETORQUER OPERATION AND ANALYSIS
The printed magnetorquer works on the principle of generation of the magnetic moment by the flow of current through the coil, which interacts with the earth magnetic field and produces torque, used for the desired rotation. The magnetic moment (µ) is dependent on current (I) through the printed traces, the effective area of the printed coils (A), and the total number of turns (N) . The area (A) encompassed by the printed configuration is dependent on several factors including the outer and inner dimensions of the printed magnetorquers (W O and W I respectively), size of panels, separation between traces (T dis ), trace widths (T w ), and cumulative trace width and separation ( = T w + T dis ). The printed magnetorquer as shown in Fig. 4 is printed in a CubeSat panel. It has symmetric trace prints separated apart by ; therefore, the total length of each complete layer (L t ) of the printed magnetorquer can be approximated as the sum of individual lengths of subsequent squares. Any square with trace i has length L i = 8 · i, where 8 is the perimeter increase from trace i to i+1. The total length of complete layer L t is given by
The lengths of inner and outer squares changes between i min = W I 2 (i.e., perimeter 4W I ) and i max = W O 2 (i.e., perimeter 4W O ). For the sake of understanding, if we consider only three printed squares in a single panel, then the expression for L t can be written as
The expression for total length L t of (1) can further be generalized and is presented in the following equations:
The above expression is used for the computation of total trace length of the printed magnetorquer for given inner and outer dimensions. Any printed square, i, in Fig. 4 encompasses area W 2 i ; therefore, the total area (A) of a single layer of printed magnetorquer can be computed as the sum of areas of individual printed squares and is given as
The total area of the magnetorquer depends on the shape of the printed traces. For the selected shape of Fig. 4 , we can use the following equation to compute the total area of the printed magnetorquer:
Assuming W I , W O , the simplified expression is given by
The above equation provides useful selection criteria for the computation of the total area of a single layer of the printed magnetorquer of Figs. 2 and 4. It is evident from (8) that to maximize the magnetorquer area, the distance between the traces should be kept minimum allowable.
The design is optimized by analyzing the parameters including the torque (τ ) and torque to power ratio (τ /P) by varying the applied voltage, trace width, and inner and outer dimensions of the magnetorquer. The final design is selected based on the best achievable τ /P for the selected applied voltage. The maximum torque (τ ) is exerted when the printed magnetorquer with a given magnetic moment is perpendicular to the magnetic field. The amount of generated torque is given by
where µ is the magnetic dipole moment created by each magnetorquer and B is the earth magnetic field vector.
For the x, y, and z magnetorquers (expressed as spacecraft body-fixed frame), the expression for the torque can be written as ⎛
For design optimization, we consider a single arbitrary reference axis in our future discussions to avoid computational complexity. We will consider the effective torques produced when magnetic field lines are normal to the reference axis in order to simplify the design calculations. The expression for torque, τ , for the printed magnetorquer is expressed in the following expressions:
The power dissipation by the magnetorquer depends on the current consumed and the resistivity of copper traces (δ) which can be computed as
The resistivity of the copper traces is directly proportional to the length of traces and inversely proportional to the cross-sectional area. The cross-sectional area depends upon the trace width and trace thickness (A cross = T w x T th ). Now, given the expressions for power (P) and torques (τ ) in (12) and (13), we can compute τ /P for our design which is given as
The above expression suggests that the torque to power ratio (τ /P) is inversely proportional to the applied input voltage. This ratio decreases by increasing the applied voltage (V), trace widths and their separation. The relationship of τ /P with the total length of the embedded coils is given by
It can be concluded from (17) that the τ /P increases as the length of the coil (L t ) increases. As a consequence to this, the area and the number of traces also increase resulting in a manifold increase in τ /P. Since trace width and trace thickness are key design selection parameters in the printed magnetorquers, their dependence on τ /P is given by
The trace thickness has a constant effect since it is fixed dependent on the manufacturing of the board and the trace width has an inverse proportionality relation on the τ /P for the printed design provided other variables are kept constant.
Since the shape of the printed magnetorquer is not uniform, therefore the resultant force and exerted torque due to each segment is not uniform. Since each square is shorter than the previous one by a factor ; therefore, the net resultant force is the summation of all individual forces. The resultant force is maximum when the direction of the current-carrying trace is perpendicular to the external magnetic field. The resultant Lorentz force due to each subsegment can be computed by placing the current-carrying printed coil in magnetic field plane B. The strength of each part of the coil parallel to the plane gives a contribution that can be generalized as proved by [13] and given as
The strength of each part of the coil perpendicular to the plane B gives a contribution that can be generalized as
where n is the total number of subsequent squares in the design. The direction of these forces can be interpreted by use of Flemings Right Hand Rule [28] and the net force can be computed if magnitude and direction of the field vector is known.
IV. OPTIMIZATION ANALYSIS AND RESULTS
For the design optimization and analysis, we have plotted the generated torque τ , τ /P, power consumption, and current flow against variations in trace widths for our printed magnetorquer, as shown in Fig. 6 . It is evident from the graphs that by increasing the trace width, the τ /P decreases for any selected applied voltage. Since the amount of generated torque increases with the increase in trace width, the power consumption also increases in large proportions, therefore decreasing the overall τ /P. The analysis has been performed for two selected voltages (3.3 and 5 V). As the selected trace width increases, there is a significant increase in the torque but at the expense of consumed power and heat dissipation, which causes an upper limit on the selection of τ /P. The design can be optimized by changing the trace width and obtaining the highest percentage rise in τ /P at a particular voltage.
The selection of the outermost and innermost dimensions as specified in Fig. 4 is another key design parameter. The analysis has been performed by changing the ratio of inner and outer dimensions of the printed traces (W I /W O ). The resultant torque and torque to power ratio for two operating voltages (3.3 and 5 V) is plotted in Fig. 7 . As the magnetorquer encompasses more area of the printed circuit board, the generated torque and the torque to power ratio increases. The total length of the coil also increases by increasing the outer dimensions, which cause the resistance to increase effectively permitting less current to flow in the magnetorquer. It can be concluded from the graph that for a fixed inner dimension, if the outer dimension increases, there is an increase in torque to power ratio. As a design rule, the outer dimension should be larger in magnetorquer, if permitted by the board.
For a fixed outer dimension, increasing the inner dimension causes a decrease in the encompassed area of the magnetorquer, therefore limiting the number of traces. As a design rule, the smaller inner dimension generates more torque to power ratio, which is a better design selection.
The relation between torque, torque to power ratio (τ /P), power, and current consumed by the coil against the applied voltage at selected trace widths is shown in Fig. 8 . The torque and power consumption increases by increasing the applied voltages. According to (18) , by increasing the applied voltage, there is a rapid decrease in τ /P. Therefore, we conclude that the lower applied voltage is more suitable for the design of a printed magnetorquer since it provides more torque to power ratio.
The placement guidelines of multilayered magnetorquer in a single unit board were performed after optimization analysis. The optimized design parameters for a single layer are tabulated in Table I . The design can be printed in a variety of configurations based on the guidelines given in [17] and [27] .
The modular magnetorquer can generate a range of magnetic dipole moments, making the design quite flexible. The multilayered printed magnetorquers can be connected in different configurations (single, n in series, m in parallel, and n × m in hybrid) to either maximize τ , minimize P or optimize τ /P [34] . In case of m parallel connected coils, the applied voltage is the same as that of a single coil (V) while the current drawn is mI L as shown in Fig. 9(a) . For n seriesconnected coils, for the same applied voltage V, the flow of current is the same as that of passing through a single coil (I L ). This configuration produces the same magnetic moment as generated by the single coil but consumes less power. In case of n × m hybrid combination, for the same applied voltage V, the current drawn by the magnetorquer is mI L .
The suggested reconfigurable options generate variable magnetic dipole moments and any of these configurations can be configured very quickly based on the mission pointing requirements. The parallel combination of m connected coils gives the maximum torque while consuming much more power. The series-connected m coils optimize the available power while generating the same torque as that of a single coil.
The reconfigurable printed magnetorquers was realized on a multilayered panel of AraMiS satellites, which is shown in Fig. 9(b) . It consists of an eight-layered printed board with internal four layers of reconfigurable printed magnetorquer. The printed magnetorquer in each layer is reconfigurable and different combinations of the magnetorquers can be connected on top layer. The design parameters as used in Table I have been used in the AraMiS multilayered panel. The board also consist of a coil driver circuitry to deliver fixed applied voltage and variable current to the coils connected in any of the presented configurations. The integration of a multilayered panel on a single unit CubeSat is shown in Fig. 9(c) . The detailed analysis of an achievable torque to power ratio of the designed magnetorquer is presented in Table II .
The rotation and thermal analysis using the designed printed magnetorquer were performed for the spacecraft. The subsequent sections provide the rotation and thermal analysis of the single-layered printed magnetorquers.
V. ROTATION TIME ANALYSIS
Given a satellite of known mass and moment of inertia along the spin axis, we can compute angular velocity achievable for a spinning spacecraft at a given applied voltage. The ESTCube and Foresail missions require a high spin rate along the major axis of inertia while maintaining the sun pointing [29] , [30] . The rotation time analysis was performed for a 1U cube using optimized magnetorquers. The analysis was performed to validate the printed magnetorquer for a single-axis attitude maneuvers. For the selected optimized magnetorquer parameters, the rotation time analysis was performed. The angular rotation acceleration α of the satellite depends upon the applied torque τ and the moment inertia of the satellite I J along the major rotational axis. The moment of inertia I J along an arbitrary major axis (taking Z-axis) is given by
where x, y, and z are the spacecraft body-fixed reference frames and l x , l y and l z are the respective lengths from the axis of inertia. After performing the integration function, the expression can be written as follows:
Now since mass is a function of (m = ρl x l y l z ); therefore
The relationship between angular acceleration α and torque is given by
The angular displacement ϕ is given by [24] ϕ = α t ϕ 2 2 (26) where t ϕ is the time taken to rotate the spacecraft axis by the desired angle ϕ. Combining (25) and (26), we get
In order to compute the torque required for the desired rotation, we use the following equation:
For a spin-stabilized spacecraft, this expression is useful to calculate the torque required to spin an initially stationary axis of the spacecraft by a certain angle. In order to rotate the spacecraft at a particular rotation rate, an added torque is required for longer time to achieve a particular spin rate.
The generated magnetic moment was practically measured for all magnetorquer configurations of Fig. 9(a) . Based on the measurement results, the time taken to complete one revolution for a single unit cube was computed theoretically and compared with the state of the art [13] , [14] . The resultant τ /P was also computed for each configuration. It is evident from Table II that the achieved τ /P using any configuration of the designed magnetorquer is higher than that achieved using the state of the art and commercial options. For a designed multilayered panel, different reconfigurable options were plotted as shown in Fig. 10 . It can be concluded that for the same applied voltage the time taken by a single magnetorquer and four in series is the same, but the series combination consumes less power as compared to the single coil. The parallel-connected coils rotate the spacecraft four times faster but at the expense of power consumption.
VI. THERMAL ANALYSIS
The thermal balance analysis was performed to validate our design of magnetorquer. Since the printed coils may consume much power, therefore they are prone to heat dissipation. For a stable system, the heat balance equation is used which relates effective temperature due to the external environment T external and temperature rise due to internal heat-dissipating elements including magnetorquers T internal . The total thermal heat due to external environment T external experienced by the CubeSat is given as
The radiation heat transfer is governed by Stefan-Boltzmann's Law [31] , given by
The overall temperature for the CubeSat can be computed by the following equations:
T = 4 q s σ
where q s = 1371 W/m 2 , σ = 5.67 × 10 −8 W/m 2 K 4 , F = 0.15, and T E = 255 K.The analysis computes the temperature rise due to the printed magnetorquers while neglecting all the other internal heat dissipations. The change in temperature of the CubeSat by varying the trace width of the printed magnetorquers is represented in Fig. 11 which signifies the direct dependence of temperature on power consumption and the current passing through the coil. For the range of selected trace widths of the printed magnetorquer, the thermal analysis suggests that the increase in the trace widths has an exponential dependence on the temperature rise. Even if the temperature profile is exponential, the overall effect of increasing the trace widths of the printed magnetorquer for the worst case (4 coils in parallel) does not cause thermal imbalance issues. Fig. 12 shows the effect of variation in applied voltage against the temperature change for selected configurations of printed magnetorquers. It can be noticed from the figure that the overall temperature of CubeSat increases exponentially at higher operating voltages but remains well within operational limits even for the worst case of four coils in parallel. Therefore, as a design selection, the lower operating voltages for the magnetorquer maintain better thermal balance.
VII. CONCLUSION
This paper has presented a design approach on printing the magnetorquer onto the panels of the CubeSat in order to reduce the harness mass and power consumption while achieving the desired magnetic dipole moment. The detailed analysis of the printed magnetorquer in terms of generated magnetic moment, torques, and torque to power ratio was presented against key design selections including applied voltage, trace widths, trace thickness, and power consumption. A reconfigurable design of printed magnetorquer was presented to generate optimum torque and torque to power ratio. The reconfigurable design parameters were compared against the commercially available embedded magnetorquer. The thermal analysis on the selected configurations suggested the temperature increase within allowable limits, therefore validating the design selections. The analysis of angular velocity along the rotational axis for a spinning spacecraft was presented using the optimized designs. In the future, we will validate the design for higher form factor satellite platforms. Jaan Praks (S'98-M'02) received the M.Sc. degree in physics from the University of Tartu, Tartu, Estonia, in 1996, and the D.Sc. (Tech.) degree from Aalto University, Espoo, Finland, in 2012.
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